By incubating covalently-closed circular DNA in the presence of calf thymus topoisomerase and unwinding ligands (intercalating drugs and proteins) DNAs of different superhelix density can be produced. These changes in superhelix density can be monitored by an ethidium fluorescence assay, since the level of ethidium binding varies with the superhelix density of a DNA. Thus the equivalence point, in a titration between an unwinding ligand and a supercoiled DNA, can be found. This forms the basis for an extremely rapid method for measuring unwinding angles and superhelix densities. Results are presented which agree well with those reported by previous authors using different techniques. The present method compares very favourably with others when evaluated in terms of rapidity, cost of materials, cost of equipment, accuracy and also applicability.
INTRODUCTION
There is little doubt that the process of intercalation plays an important role in the study and development of drugs and antibiotics which bind to DNA. It is hardly surprising, therefore, that initial experiments on new compounds tend to be directed towards elucidating the mechanism of binding as well as estimating the unwinding angle if intercalation is involved (1, 2, 3) . However unwinding angles are experimentally difficult to determine.
With the discovery and development in recent years, of bifunctional intercalating agents (4, 5, 6, 7, 8) (with the promise of multifunctional intercalators for the future) the need for a rapid and inexpensive method for the determination of accurate unwinding angles is apparent.
We have previously demonstrated the usefulness of an ethidium fluorescence assay for the estimation and analysis of nucleic acids (9). Because the level of ethidium binding varies with the superhelix density of closed circular DNA (10) , the fluorescence assay can also be used to detect small changes in superhelix density. For example nicked circular PM2 DNA gives a 30% enhancement of fluorescence compared to supercoiled PM2 DNA whereas on relaxing the DNA with calf thymus topoisomerase the fluorescence decreases by 30%. Both Keller (11) and Wang (12) have shown that by nicking and closing circular DNA in the presence of unwinding ligands, DNAs of varying superhelix densities can be generated. We have used a similar procedure, outlined in Fig. 1 , in conjunction with the ethidium fluorescence assay for the rapid measurement of unwinding angles and superhelix densities.
In the first step the supercoiled DNA is partially relaxed by the binding of a small amount of an unwinding ligand. Upon incubation with topoisomerase the DNA then becomes fully relaxed. In the final step the unwinding ligand is removed to yield a partially negatively supercoiled molecule which will give a lower fluorescence reading than the untreated supercoiled DNA.
If on the other hand the procedure is repeated in the presence of large amounts of an unwinding ligand the final DNA will contain more negative supercoils than native DNA and so give a larger fluorescence reading.
Finally if the amount of ligand added is just enough to relax the supercoils in the DNA by itself, then the topoisomerase will have no apparent effect, and the fluorescence reading upon removal of the unwinding ligand will be indistinguishable from native, untreated DNA. Thus by measuring the fluorescence as a function of added ligand,the equivalence point of the titration (where all supercoils are just relaxed) can be determined. If the superhelix density of the DNA is known then the unwinding angle of the ligand can be calculated or alternatively,if the unwinding angle is known then the superhelix density can be calculated.
MATERIALS AND METHODS

DNAs.
PM2, M13 and Col El DNAs were isolated as previously described (13, 14, 15) .
pSMl DNA was isolated from a strain of _E. coli K-12 (a gift of Dr. W.
Bauer) essentially according to the modified Hirt procedure (16) described by Mickel and Bauer (17) . Except for Col El DNA which was only approximately 50% ccc ' the other DNAs contained at least 70% ccc DNA as judged by the "pH 12" fluorescence assay (see below). By gel electrophoresis (18) the preparation of pSMl DNA was estimated to contain approximately 10% of linear DNA from the host strain. DNA concentrations were estimated from absorption measurements at 260 nm assuming extinction coefficients of 6,740 for M13
(RF1) and 6,600 for PM2, pSMl and Col El DNAs.
Intercalating agents and proteins
Ethidium bromide was purchased from the Sigma Chemical Co. 1,14-bis (2-methoxy-6-chloro-9-acridinyl)-1,5,10,14-tetrazatetradecane tetrahydro- INCUBATION WITH  TOPOISOMERASE   REMOVAL OF  FLUORESCENCE  INTERCALATOR  RELATIVE TO  NATIVE CCC For clarity it has been divided into four stages and four different situations are shown. In the first row no intercalating drug (represented bŷ ) has been addod so that the final DNA is relaxed. In the second row a small amount of drug has been added which partially relaxes the DNA. Relaxation is completed by topoisomerase so that on removal of the drug a few superhelical turns are regenerated. The third row represents the situation which occurs when just enough drug has been added to relax the DNA so that topoisomerase has no effect. On removal of the intercalator native ccc^DNA is reformed and the -fluorescence measurement indicates that the equivalence point has been reached. Finally in the fourth row addition of a large amount of drug introduces positive supercoils which are also relaxed by topoisomerase. Removal of the drug then generates more negative supercoils than were originally present in native DNA so that the fluorescence reading is increased. chloride ("Spermine Bisacridine") was a gift of Dr. J. H. van de Sande (6). l,14-bis(9-acridinyl)-l,14-diazatetradecane dihydrochloride ("C12 Bisacridine") and l,14-bis(10-methyl-9-acridinyl)-l,14 diazatetradecane dihydrochloride ("dimethyl C12 Bisacridine") were gifts of Dr. B. Gunn. Solutions of known concentration were made up by direct weighing.
BINDING OF INTERCALATOR
Calf thymus topoisomerase was prepared as described previously (19) .
The stock solution was stored in 50% glycerol at -20°. The activity was such that 2yl of this solution was sufficient to completely relax 2.5yg of PM2 DNA in 15 min at 37°. No contaminating endonuclease activity could be detected under the conditions of the assay.
A purified whole histone preparation was the gift of Dr. D.E. Pulleyblank. It contained 9.3mg/ml of protein as measured by the protein-dye binding assay of Bradford (20) using bovine serum albumin as the standard for comparison.
Fluorescence assay
The standard "pH 12" fluorescing solution contained 20mM KP. pH 11.8, 0.2mM EDTA, 0.5yg/ml ethidium bromide, which was stored in the dark. In general 20yl samples (approximately lA., n in DNA) from reaction mixtures were added to 2 ml of the solution to be within the linear range of the assay (9) . Heat denaturation was accomplished by placing the solutions in a temp-blok for two minutes at 96° . The solutions were then cooled to 25°b efore reading the fluorescence on a Turner spectrofluorometer 430 with excitation at 525nm and emission at 600nm. Cuvettes (lcm sq.) and the cell compartment were thermostated at 25°.
Under these high pH conditions ccc DNA spontaneously renatures after the heat step and thus nicked circular or linear DNA does not interfere with the assay. By measuring the fluorescence before and after the heat step the % ccc DNA in a sample can be estimated (9) . In all experiments the fluorescent intensity was adjusted such that lOyl of E. coli DNA at lA n ._ gave a reading of 50 arbitrary units. The open circles are data points derived from tubes to which topoisomerase had been added. These points have been joined by straight lines rather than plotting a curve through them since the relationship between F and D/P is not at all obvious from theoretical considerations (see Discussion).
However it can be seen that the fluorescence (and thus the superhelix d e nsity) increases with the addition of ethidium to the incubation mixture.
The point at which the lines cross represents the equivalence point of the titration since at this point topoisomerase does not alter the superhelix density of the DNA. The D/P value at the equivalence point (D/Pe) is found to be 0.061. Assuming that the binding constant under these conditions is 10 then approximately 9 0 % of the total ethidium added will be bound to the DNA and thus the equivalence binding ratio (r ) is estimated to be 0.055 e (moles of ethidium bound per mole of nucleotides). This value of r is indistinguishable from that found by Wakelin and Waring (3) using the sedimentation velocity method (1) in a buffer of the same ionic strength.
The errors inherent in the present estimate will be discussed later (see Discussion).
A similar experiment using spermine bisacridine to unwind PM2 DNA is shown in Fig. 2(b) . In this case the baseline has a slight negative slope, possibly due to the binding of a small amount of spermine bisacridine even in the "pH 12" fluorescing solution. However an equal decrement in fluorescence due to the presence of the drug will also occur for the points generated in the presence of topoisomerase so that the D/P value at which the two curves cross will be unaffected. In this case the equivalence point of the titration occurs at a D/P value of 0.0375. Since the binding constant of the spermine bisacridine to DNA in the incubation buffer is probably of the order of 10 (6) then the free drug concentration at the equivalence point will be negligible. Or in other words for the spermine bisacridine r e can be assumed to be equal to D/Pe. Thus taking the unwinding angle of ethldium to be 28° (11, 12, 14) that of the spermine bisacridine is found to be 41" which is in good agreement with the value of 38° reported by LePecq et_ £l. (6) under slightly different conditions. It is clear from For the dimethyl C12 bisacridine D/Pe is found to be 0.0585 so that it would appear highly probable that it, too, is capable of bifunctional intercalation.
More detailed results for this and other dimethyl bisacridines will be reported elsewhere (8) .
The potential of this method for the measurement of superhelix densities is shown in Fig. 4 . In all cases spermine bisacridine has been used as the standard unwinding ligand to allow direct comparison with the result described above for PM2 DNA (Fig. 2(b) ) which is assumed to have a superhelix den- 
OTHER METHODS
The sedimentation velocity method as described by many authors (10,28, 1,3,5) is probably the most popular technique in use at present. The method depends on the fact that the sedimentation velocity of a ccc DNA, in the presence of an unwinding ligand, is at a minimum at the equivalence point.
Under typical conditions it takes several days to produce a complete sedimentation velocity profile, covering a reasonable range of drug concentrations, so that it must be considered as one of the slowest methods available.
However it does not require large amounts of DNA, one or two A_,_ units being quite sufficient in most cases. On the other hand the cost of equip-ment is substantial since there is an absolute requirement for an analytical ultracentrifuge equipped with UV optics. The accuracy of a particular method is perhaps the most difficult parameter to assess. However in this case the sedimentation velocity becomes insensitive to superhelix density when the molecule is nearly relaxed. Consequently there is no clearlydefined equivalence point and the equivalence region, at which ccc and oc DNA molecules cosediment, can be quite broad. Even though the accuracy of the technique may be low it is capable of being applied to a wide range of different systems. That is, it can be used to measure the unwinding angle of virtually any drug or antibiotic as well as the superhelix density of all the ccc DNAs that have been discovered up to the present time.
The viscometric method using supercoiled DNAs is theoretically similar to the one described above (29, 30) . The other gel electrophoresis procedure involves the addition of an intercalating agent to the gel tube (24, 25) . The equivalence point of the titration occurs at the drug concentration at which ccc DNA and oc DNA comigrate, and thus it is theoretically similar to both the sedimentation velocity and viscometric methods. The rapidity, cost of materials, cost of equipment and applicability are similar to the band counting method.
However the potential accuracy of these gel electrophoresis titration procedures is severely limited by the uncertainties in both the binding constant and free ligand concentration under the electrophoresis conditions.
The buoyant CsCl/ethidiura bromide technique is probably the most popular for determining superhelix densities (22, 23) . Because of the free energy of supercoiling, oc and ccc DNA of the same origin bind different levels of ethidium causing a buoyant density difference in a CsCl (or Cs^SO,) gradient. This buoyant density shift can be correlated with the amount of ethidium bound which in turn is related to the amount of ethidium bound at the equivalence point from which the superhelix density can be calculated. The manipulative time required for the technique is very short even though the gradient itself may take several days to come to equilibrium. The material requirements are minimal but again there is an absolute necessity for an analytical ultracentrifuge. The measured error in this technique is very small because the buoyant density shift can be determined extremely accurately. Also using the "added internal standard" method of Burke and Bauer (36) internal inconsistencies due to temperature or different ethidium concentrations between determinations, can be eliminated. Thus it would appear to be the most accurate method available. However the accurate conversion of a buoyant density shift to a superhelix density requires a knowledge of binding data to both oc and ccc DNA. In general it is assumed that the binding is independent of the base composition. We feel that this assumption is not justified and that consequently there is the potential for an additional, possibly large, error involved in the determination of superhelix densities by this method. The method is applicable to all DNAs but cannot be used for measuring unwinding angles on a routine basis. There is also the disadvantage that measurements are made in concentrated CsCl solution which may have little relevance to physiological conditions (28) .
Several other techniques such as alkaline titration (12), electron microscopy (37) and the measurement of the crossover point of binding curves to oc and ccc DNAs (10, 4, 5) have also been used but they have not found wide acceptance because of several considerable disadvantages in terms of the five parameters cited above.
The topoisomerase-fluorescent method
The technique described in this paper (which we shall call the "topo- There is also an absolute requirement for a topoisomerase preparation (or endonuclease + ligase) which is effectively free of endonuclease or unwinding activity. However we have found that in a single days work it is possible to produce enough topoisomerase of the required purity from 1 lb of calf thymus to perform 10 titrations (19) .
Such a preparation has been stored at -20° for two years without detectable loss of activity. Consequently the need for topoisomerase should not be a deterent to the use of this technique. Nor is the cost of equipment excessive; only a spectrofluorometer is required. The total error is best divided into two parts; namely errors caused by inaccurate measurements and those caused by theoretical assumptions which may not be completely justified. The total error due to pipetting, fluorescent measurements and determination of the cross over point, is less than 10%. This error could readily be reduced by using higher DNA concentrations for the fluorescent measurements and also larger volumes (rather than 1 or 2yl) for the pipetting of drug solutions. The main assumption required for this topoisomerase-fluorescent method is that under these conditions the topoisomerase has some effect on the DNA at every D/P value except at the equivalence point.
In other words since we are measuring the D/P value for which there is no change in fluorescence it is only necessary that there is a detectable change at every other D/P value. As far as we are aware this assumption is strictly valid and indeed th^re is every reason to believe that the calf thymus topoisomerase is not being significantly inhibited until very high drug concentrations are reached (Fig. 4 ) . Thus from this point of view the technique is being used at its maximum sensitivity. It should be noted that in all cases it is important to demonstrate that, using a particular ligand, DNAs can be generated having a higher superhelix density than the original. In other words it is not sufficient to extrapolate from points generated at low D/P values until the baseline is reached, since the differing fluorescence readings of these points could simply be caused by inhibition of topoisomerase. However in these cases the technique could still be applied if it could be demonstrated that the ligand had a small unwinding capacity rather than that topoisomerase was being inhibited.
There is also the possibility of a systematic error being introduced due to the occlusion of potential binding sites by topoisomerase. However be- (38, 19, 39, 40, 41, 42) which operate under different conditions. For example salmon testis topoisomerase is active even in 0.6M salt and at 0° (38) .
Consequently by using a different topoisomerase the technique would not be limited to the ionic strength, and temperature reported in this paper.
Finally brief mention must be made of the shape of the curves relat- that there is a rather definite limit to the number of positive supercoils that can be "pushed" into a circular DNA. Approximate calculations show that this limit occurs at a superhelix density of + 0.25. This agrees well with the maximum negative superhelix density generated in this study.
With regard to the shape of plots of F against D/P, it is interesting that the curve formed by binding histones to PM2 DNA is very different from the others. This could be due to a number of effects such as the cooperativity of histone interactions to form nucleosomes. This was not further investigated but suggests another approach to studying such structures and for the study of proteins binding to DNA in general.
